ABSTRACT:
The objective of this study was to infer (co)variance components for piglet survival at birth in purebred and crossbred pigs. Data were from 13,643 (1,213 litters) crossbred and 30,919 (3,162 litters) purebred pigs, produced by mating the same 168 purebred boars to 460 Large White-derived crossbred females and 1,413 purebred sows, respectively. The outcome variable was piglet survival at birth as a binary trait. A Bayesian bivariate threshold model was implemented via Gibbs sampling. Flat priors were assigned to the effects of sex, parity of the dam, litter size, and yearmonth of birth. Gaussian priors were assigned to litter, dam, and sire effects. Marginal posterior means (SD) of the sire and dam variances for liability of piglet survival in purebred were 0.018 (0.008) and 0.077 (0.020), respectively. For crossbred, sire and dam variance estimates were 0.030 (0.018) and 0.120 (0.034), respectively. The posterior means (SD) of the heritability of liability of survival in purebred and crossbred and of the genetic correlation between these traits were 0.049 (0.023), 0.091 (0.054), and 0.248 (0.336), respectively. The greatest 95% confidence region (−0.406, 0.821) for the genetic correlation between purebred and crossbred liabilities of piglet survival included zero. Results suggest that the expected genetic progress for piglet survival in crossbreds when selection is based on purebred information may be nil.
INTRODUCTION
Crossbreeding of swine is widely accepted as an effective commercial production practice (Merks, 1988) . Structured crossbreeding can exploit additive and nonadditive genetic effects to advantage (Siegel, 1988) . Although economic returns in pig production derive mainly from crossbred performance, selection of prospective parents is usually based on purebred performance.
The genetic correlation between purebred and crossbred performance provides an indicator for evaluating the effectiveness of reciprocal recurrent selection (Comstock et al., 1949) , combined purebred and crossbred selection (Wei and van der Werf, 1994) , and of the use of data recorded only in crossbreds for evaluation of purebreds (Lutaaya et al., 2001) . Often, estimates of such genetic correlations for production traits have been less than unity (Merks, 1988; Wei and van der Werf, 1995) indicating that selection of parents in one type of mating system may not optimize progeny performance in another type of system (Mulder and Bijma, 2005) .
Mortality at birth constitutes a major problem in pig production because up to 8% of the piglets can be stillborn (Van der Lende et al., 2000) , raising ethical and economic problems. Evidence of genetic influences on stillbirth has been provided by Johnson et al. (1999) and Knol et al. (2002) . Survival at birth has traditionally been considered as a trait of the sow (Grandison et al., 2002; Knol et al., 2002; Arango et al., 2006) , and few previous studies (Lund et al., 2002; Su et al., 2007) investigated sire effects on piglet stillbirth.
Even though exploitable genetic variation for stillbirth exists for selection purposes, the development of a successful breeding program relies on whether purebred performance (in a nucleus) predicts accurately outcomes in crossbreds (commercial tier).
The objectives of this study were to investigate sources of variation of piglet survival at birth and to infer genetic parameters including the genetic correlation between survival at birth of purebred and crossbred piglets originated by the same sires. 
Animals and Data
Data were collected from year 2000 to 2006 in 2 locations: a selection nucleus farm (Riese Pio X, Italy), where pure C21 boars are produced and mated to pure C21 sows, and a sib testing program farm (Todi, Italy), where the same C21 boars are mated to crossbred sows to produce crossbred piglets. The hybrid dams originated from a cross involving boars of a synthetic line, derived from Large White and Pietrain breeds, and sows of a Large White line selected for maternal ability and prolificacy. Crossbred paternal half-sib families provide the genetic evaluation program of C21 purebreds with phenotypic information for quality traits of raw and dry-cured hams.
Data on survival of piglets at birth and up to weaning had been collected routinely in the nucleus and in the sib testing farm since 2000. Records included birth litter description (sow identification and parity, sire, date of farrowing, and size of the litter at birth), and individual piglet information (identification, sex, stillborn or alive at birth, and weaning date or date of death if the piglet died during the weaning period). After discarding records with incomplete or inconsistent information, 13,643 individual survival records of crossbred piglets (1,213 litters) and 30,919 individual survival records of purebred piglets (3,162 litters), progeny of the same 168 C21 boars mated to 460 crossbred sows and 1,413 purebred sows, respectively, were available. Falconer (1952) suggested that genotype × environment (G × E) interaction could be gauged via the genetic correlation between performance measurements in each of the environments regarded as different traits. Following this author, a Bayesian bivariate threshold model (Gianola and Foulley, 1983; Foulley et al., 1987) was fitted, where binary survival at birth (0 = dead, 1 = alive) was treated as the outcome of different traits when observed on purebred or crossbred piglets. Using this bivariate model, one can predict breeding values for piglet survival of boars at the commercial level (i.e., when mated with crossbred sows) by using information generated at the nucleus and at commercial farms. This bivariate model produces estimates of the covariance and genetic correlations between the 2 traits with a strong correlation suggesting mainly additive gene action. These estimates may be used to evaluate whether or not it is reasonable to select boars based on information of purebred piglets only. , , , ,
Statistical Analysis
The model equation for the liability of survival is expressed as
Purebred:
Crossbred:
Above, b 1 ( ) b 2 is a vector of fixed effects, and ¢ ( ) are random dam and litter effects, respectively, on liability of purebred (crossbred) piglets. Finally, e 1l and e 2l are model residuals for purebred and crossbred liabilities, respectively. The β include effects of sex (male or female); year-month of birth (72 classes from July 2000 through July 2006); parity order of the dam (1, 2, 3, 4, 5, and 6 or more); and litter size classes (1: ≤6 piglets, 2: from 7 to 9, 3: from 10 to 11, 4: from 12 to 13, 5: ≥14 piglets).
Letting  y 1 ,  y 2 be the vectors of liabilities for purebreds and crossbreds, respectively, the bivariate model was where the X and Z are appropriate incidence matrices. Following a standard setting, it was assumed that Cecchinato et al. model residuals in [2] followed a multivariate normal distribution with null means and the residual variance was set equal to 1 for both traits. Because no piglet had records on both traits, model residuals were treated as independent. Hence, the conditional distribution of all liabilities, given the location effects, was 
Prior Assumptions
The joint prior distribution was assumed to have the form , , , , , , , , ,
[4]
Thus, the model assumed the following covariances: between sire effects on purebreds and crossbreds, between sire and dam effects on purebreds, and between dam effects on purebreds and sire effects on crossbreds. Because there was no additive genetic relationship between sires and dams of crossbred piglets and between dams of purebred and dams of crossbred piglets, [4] imposed that effects in d 2 were uncorrelated with effects in s 1 , s 2 , and d 1 . A bounded [−100,000,100,000] uniform prior was assumed for fixed effects so that 
[5]
Above, A 2 is the numerator of Wright's relationship matrix for C21 sires and C21 dams in the nucleus, and A 1 is the numerator of Wright's relationship matrix for crossbred sows (i.e., the dams of crossbred piglets). Note that s 1 , s 2 , and d 1 are augmented as in a standard maternal effects model, so that the covariance can be written using Kronecker product ( ) Ä notation. The variance components associated with litter effects were assumed to reflect environmental variability across litters, and s d 2 2 is the variance component for dam effects on liability of crossbred piglets. Finally, following standard assumptions, an inverted Wishart distribution was adopted as prior for G 0 and inverted chi-squared distributions were assumed for the remaining variances. In short, , given sample size, these values are expected to have small influences on inferences. With this setting, all fully conditional distributions have closed form, and a Gibbs sampler can be used to draw samples from the posterior distribution of all unknowns.
We implemented a Gibbs sampler in the R language (R Core Development Team, 2007) as described in Sorensen and Gianola (2002) .
Due to the nonlinear nature of the probit model, the effect of a given covariate (e.g., sex) on survival probability depends on the values of the remaining covariates. The posterior distribution of survival probabilities for piglets of different sex, or born from dams of different parities or litter size classes were evaluated at the mean value of the remaining predictors. That is, at each iteration of the Gibbs sampler posterior survival probabilities were computed as 1 -
f . é ë ê ù û ú is the cumulative distribution function of a standard-normal random variable, ĝ j is the current sample of the effect of interest (e.g., sex = female), ¢ x is a vector containing sample means of all other covariates, and b is the current sample of the corresponding effects.
Model Comparison
Four models differing for the specification of the random effects were evaluated. The sequence of models was defined to evaluate how model performance changed as additional sources of variability were included. In addition of fixed effects in [2], model 1 included the random effect of litter; model 2 had the random effects of litter Piglet survival at birth and additive genetic of dam; model 3 considered litter and additive genetic effect of sire; model 4 had litter, additive genetic effect of dam, and additive genetic effect of the sire. Bayesian information criterion (BIC; Schwarz, 1978) was calculated for each of these models; BIC provides an approximation (on a logarithmic scale) of the Bayes factor and was computed as
BIC
Lik P L ik P N log , log l og ,
where log Lik is the log-likelihood of a fitted model, and P is the number of dispersion parameters. Models with smaller BIC are preferred. The model for inferring genetic parameters had to be kept simple and robust because of the (relatively) small number of sires, dams, and litters. Other authors have reported problems in models that included permanent environmental and genetic effects of the sow (Kremer et al., 1999; Grandison et al., 2005; Wolf et al., 2007) . However, omitting some of these effects may lead to biased estimates (Van Arendonk et al., 1996) . Posterior means and confidence regions of variances and covariances are reported for each of the models. Estimates and measures of uncertainty for heritability, genetic correlations, and fixed effects are reported from model 4, which considers all sources of variability jointly.
Convergence Diagnostics
Lack of convergence of the Gibbs sampler was not detected by inspection of trace plots, and the length of the chains was defined using the estimated Monte Carlo SE and the equivalent number of effective samples. Mixing differed across models. The mixing of the Gibbs sampler was notoriously worse for model 4. This occurs because of partial confounding between litter and dam effects and a relatively low variance of sire effects. Because of this, a longer chain was run for this model. The number of iterations used for posterior inferences (i.e, after burn-in) was 300,000, for models 1, 2, 3 and 500,000 for model 4. Table 1 shows total number of records, litters, dams and boars, and rate of survival at birth for the purebred and crossbred lines. A slight difference in raw survival at birth was observed between purebred and crossbred piglets, reflecting both the effect of the cross (individual and maternal heterosis and maternal effects) and differences between environments. Knol (2001) reported that the amount of relative heterosis for litter survival was 1.55%. Blasco et al. (1995) also reported greater stillbirth rates for purebred than for crossbred litters.
RESULTS AND DISCUSSION
The survival rate at birth for the crossbred population was similar to the one presented by Knol et al. (2002) for dam and sire lines and by Moeller et al. (2004) for commercial dam lines. Purebred piglets exhibited a survival rate slightly less and similar to that reported by Serenius et al. (2003) for Finnish Landrace. Variability of results across studies is large as a consequence of genetic and environmental differences between populations and of different trait definitions that might consider or not, as stillborn piglets, piglets dying in the early hours after birth.
The number of dams in the crossbred line was smaller than the one for the purebred line, and the average number of litters per dam was larger for the crossbreds than for the purebreds. This was due to different numbers of sows in the nucleus and in the sib testing farm and to the occurrence of different replacement policies between the 2 locations. In the nucleus, replacement of sows was intense and mainly related to breeding decisions, whereas sows producing crossbred piglets had less stringent culling, which was mostly related to reduced fertility through aging or occurrence of severe disease.
To provide a description of the data structure and of the degree of unbalancedness, the numbers of records per level of fixed effect for purebreds and crossbreds are reported in Table 2 .
Models Comparison
Posterior means of the log-likelihoods and BIC values for each of the investigated models are reported in Table 3 . Small differences in log-likelihood estimates were observed, with a slight improvement in the goodness of fit when dam effects were included. As reported by Willham (1972) , the choice of the appropriate model to examine traits affected by a direct and a maternal effect is critical. The model must be reasonably accurate in describing the biology involved and yet simple enough to manipulate so that deduction can be made (Willham, 1972) .
However, because all models had a similar goodness of fit, BIC always favored (smaller values) the most parsimonious models. Results suggested that the sire variance may be nil in these data sets.
Nongenetic Effects
Posterior means of nongenetic effects did not vary much across models. Only results obtained with model 4 are reported. Differences in mortality due to system- atic effects were small in absolute value, ranging from 1 to 5%, but relatively important considering that the average mortality rate in the sample was small (from 8 to 9%). Female piglets had a slightly smaller probability of survival than male piglets regardless of the genetic background (purebred or crossbred). However, these differences were small in relation to the variation of posterior densities of the parameter. For example, the posterior mean (SD) of survival probability of female-purebred, female-crossbred, male-purebred, and male-crossbred was 0.928 (0.015), 0.909 (0.061), 0.936 (0.014), and 0.949 (0.015), respectively. Several authors reported that female piglets have a greater survival advantage than males (Svendsen et al., 1986; Becker, 1995; Knol et al., 2002) . Our results are different and suggest no differences or small differences in favor of female piglets. Figures 1 and 2 provide posterior means and measures of uncertainty of survival probabilities for piglet born from dams of different parities or included in litters of different size.
As stated, purebred and crossbred pigs were raised in 2 different environments (nucleus farm and testing program). This might have influenced estimates of nongenetic effects for purebreds and crossbreds. Moreover, with this data structure, any heterosis effect that might have affected the chance of survival of crossbred piglets cannot be disentangled from that of the environment.
The influence of parity on piglet survival of crossbreds and purebreds is depicted in Figure 1 . The probability of survival for piglets born from gilts was slightly less than that for animals born from sows of parity 2, 3, and 4. The probability did not vary much from parity 2 to parity 4 and decreased thereafter, but more markedly in purebreds. The decrease in probability of survival for advanced parities is in agreement with literature reports (Leenhouwers et al., 1999; Knol et al., 2002; Borges et al., 2005) .
The influence of litter size on piglet survival is depicted in Figure 2 . In purebreds, the posterior mean of survival probability decreased slightly as litter size increased; however, these difference were small relative to the uncertainty about estimates at the posterior distribution. On the other hand, the survival probability of crossbred piglets was not associated to litter size. The negative influence of larger litter sizes on survival is well documented (Kerr and Cameron, 1995; Leenhouwers et al., 1999; Knol et al., 2002) , and a reason for this may be the association between litter size and farrowing duration, which may increase risks of hypoxia (Herpin et al., 2001 ) when prolonged farrowings due to large litters occur. However, our data do not capture the expected pattern markedly.
Year-month of birth had a marked influence on variation of piglet survival. Piglet mortality varied much across years and across months of the same year. Likely, 
where log Lik is the log-likelihoods of a fitted model, and P is the number of dispersion parameters. Models with smaller BIC are preferred.
Piglet survival at birth this is due to variation in climate, infectious pressure, and management practices. The estimated probabilities of survival for different year-month of birth effects (results not presented) changed erratically across yearmonth classes and did not exhibit a consistent trend over time, being in agreement with results obtained by Cecchinato et al. (2008) .
(Co)variance Components in Purebred and Crossbreds
Posterior means of dispersion parameters for purebred and crossbred piglet survival at birth are presented in Table 4 . Variation of piglet stillbirth might be potentially affected by sire, common litter effects (i.e., attributable to a specific farrowing), permanent environment of the dam (for repeated farrowings), and maternal additive genetic effects. Model 1 is the simplest and considers only litter effect. In this model the litter effect captures all the potential sources of variation of the piglet survival at birth (i.e., sire effect, permanent environmental effect of the dam, and the additive genetic effect of the dam). Model 2 had the random effects of litters and the additive genetic effect of the dam. Conditional on the additive effect of the dam, in this case, litter effect captures environmental effects due to the dam and the genetic effect of the sire. Model 3 considered litter and sire effects; thus, the litter effect picks up also the variation due to the permanent environmental and additive genetic effects of the dam. Model 4 had litter, additive genetic effect of the dam, and additive genetic effect of the sire; therefore, all sources of variation are partitioned in the aforementioned effects.
The variance due to litter effects ranged from 0.347 to 0.407 for purebreds, depending on the model, whereas across-litters variance for crossbreds ranged from 0.189 to 0.295. These estimates were similar to those reported by Ibáñez-Escriche et al. (2009) for Large White, Landrace, and Pietrain populations. The (genetic) variance associated with dam effects was close to 0.08 in purebreds, but it was less in crossbreds and estimated at 0.012 and 0.121 in model 1 and model 2, respectively.
Genetic variance from sire effects decreased when genetic effects of the dam were fitted. Fitting dam genetic effects also changed the estimated covariance between purebred and crossbred sire effects from 0.0015 in model 3 to 0.006 in model 4. However, the genetic (co)variance between these 2 effects might be actually zero in both models. The additive genetic effect of the dam includes a direct effect of the genes of a dam transmitted to the piglets on the survivability of the offspring and also a pure maternal genetic effect, which is related to aspects of the dam that are relevant for the chance of surviving of the piglets and that are influenced by the additive effects of the genes of the dam (e.g., the uterine influence of the dam on piglet mortality at birth).
The sire effect accounts only for differences of piglet survival that are caused by the additive effects of genes that the piglets inherit from the sire. When included in a model along with additive genetic effects of sires and dams, litter effects are expected to account for influences, common to all piglets joining the same litter and causing variation across litters, due to a strictly environmental component and to nonadditive gene effects shared by members of a full-sibs family. Hence, the inclusion of litter effects in the model should enhance the accuracy of breeding value predictions. In our models the litter effect picked up also variation attributable to the permanent environment of the dam, which was not accounted for by the models. Figure 3 shows the trace plots and marginal posterior densities for sire, in the liability scale, in purebred and crossbred populations, and for the genetic correlation between liabilities of purebred and of crossbred piglets. Trace plots did not indicate lack of convergence. The skewed densities reflect the limited information provided by the sample (i.e., a small number of boars). Summaries of the posterior densities of genetic parameters for the liability of piglet survival at birth are presented in Table 5 . Heritability was low in both cases (0.05 and 0.09 for purebreds and crossbreds, respectively), but greater than the estimates reported by Roehe and Kalm (2000) and Knol (2001) . Most estimates of heritability for farrowing mortality or piglet survival using linear models are less than the values obtained in our study, ranging from 0 to 0.04 (Haneberg et al., 2001; Grandison et al., 2002; Knol et al., 2002) . Grandison et al. (2002) fitted linear and threshold models to stillbirth, crushing, total piglet mortality, and birth weight. Estimates of heritability (based on sow components) with the threshold model were larger for all traits, especially for mortality. Only a limited number of studies (Grandison et al., 2002; Arango et al., 2006; Su et al., 2006) have obtained (co)variance estimates for piglet survival using nonlinear models. Individual piglet mortality or survival at birth has been traditionally analyzed by applying the classical linear model (Van Arendonk et al., 1996; Knol et al., 2002; Mesa et al., 2006) , albeit the nature of the trait is categorical. It is well known that the use of linear models with categorical data ignores their noncontinuous distribution and tend to underestimate heritability (Gianola, 1982) .
Heritabilities and Genetic Correlation
Because heritability estimates of mortality traits are low, with the possible exception of stillbirth, the potential for effective progress by selection is limited. As an alternative, Roehe and Kalm (2000) suggested selection for individual birth weight as a shortcut for improving survival rate. The purported advantages of applying this strategy are not so clear because Knol et al. (2002) found a negative effect of increased BW at birth on farrowing mortality. Additionally, other studies have indicated that extreme selection based on BW at birth could produce a considerable increase in farrowing mortality, partly due to dystocia and prolonged parturition (Grandison et al., 2002; Damgaard et al., 2003; Holm et al., 2004) . Roehe (1999) found direct and maternal heritabilities of birth weight of 0.08 and 0.22, respectively.
The genetic correlation between dam and sire effects on purebred piglet survival was 0.16, whereas the correlation between dam effects on purebred survival and sire effects on crossbred survival was 0.03, indicating that selection on nucleus would not be an effective strategy to improve piglet survival on commercial herds. The sow effect includes the influence of the sow by means of uterine quality and her contribution to the genotype of the piglet. The sire only influences the genotype of the piglet.
The estimate of genetic correlation between survival at birth of purebred and crossbred piglets was moderate, with a posterior mean of 0.24 (Table 5 ) and a posterior mode at about 0.4 (Figure 3) . A 95% Bayesian credibility region (−0.3856, 0.8203) included zero, and the posterior distribution was skewed. The reason for this was the low number of boars in the data. The low point estimate suggests G × E interactions. Other studies have reported relatively small genetic correlations between traits measured at different tiers of a genetic program (Standal, 1977; Groeneveld et al., 1984; Ollivier et al., 1984) . The effect of G × E interaction on the efficiency of breeding programs is inversely proportional to the magnitude of the genetic correlation among genotypes in the different environments for same traits (Falconer, 1952) . When genetic correlations are small, G × E requires a reappraisal of breeding strategies (Brascamp et al., 1985) .
In conclusion, covariance components for piglet survival at birth in purebred and crossbred pigs were inferred using bivariate threshold models with different degrees of model complexity. Results indicated that the direct additive variance (due to sire effects) of piglet survival at birth is small and perhaps nil. Because the estimated correlation between additive genetic effects at the nucleus and at the commercial tier was small, results suggest that selection of sires for direct effects on piglet survival in a nucleus may lead to negligible genetic progress at the commercial level. = correlation between dam additive genetic effects on purebred piglet survival and sire additive genetic effects on crossbred piglet survival.
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3 Mean of the marginal posterior density of the parameter. 4 SD of the marginal posterior density of the parameter. 5 Monte Carlo SE. 6 Symmetric 95% posterior density region.
